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Abstract
Apple Pomace Favorably Alters Brain Fatty Acid Composition and Gene Expression in the
Hypothalamus of Growing Female Sprague-Dawley Rats Fed a Western Diet
Ayad A. Alawadi
The hypothalamus plays a major role in regulating food-intake and energy-expenditure.
Hypothalamic dysfunction implicated in neurodegenerative diseases is characterized by dietinduced neuroinflammation and energy dysregulation. Apple pomace, a waste byproduct of
processing, is rich in polyphenols and soluble fibers, has the potential to ameliorate diet-inducing
inflammation. The objective of this study was to determine the effects of Western diet and
caloric substitution of Western diet with 10% apple pomace on brain fatty acid composition and
gene expression related to hypothalamic function and health in growing female rats. Growing
female Sprague-Dawley rats (age 22-29 days) were randomly assigned (n=8 rats/group) to
consume purified AIN-93G (control), Western diet, or Western calorically substituted with 10%
apple pomace (Western/AP) diets for 8 weeks. Brain lipid content and fatty acid profile analysis
were measured. Differentially expressed genes were measured in the hypothalamus using RNASeq. Results showed Western/AP diet consisted of the highest amount of soluble fibers and
polyphenols. Brain oleic acid was highest in rats fed Western/AP diet (p < 0.0005). RNA-seq
results comparing the hypothalamus of rats fed Western to Western/AP showed 15 differentially
expressed genes, of which 5 genes: phospholipase D family member 5 (PLD5), synuclein alpha
(Snca), NADH dehydrogenase (ubiquinone) fe-s protein 6 (Ndufs6), choline O-acetyltransferase
(Chat), and frizzled class receptor 6 (Fzd6) were implicated in neurodegenerative diseases. Apple
pomace attenuated the upregulation of Snca (q < 0.05), Chat (q < 0.05), and Ndufs6 (q < 0.05)
gene expression, as well as downregulated PLD5 (q < 0.06), and Fzd6 (q < 0.05) gene

expression. Results suggested apple pomace constitutes reduced neurodegeneration,
acetylcholine impairment, and mitochondrial dysfunction through the modulation of brain lipid
content and profile. In conclusion, the results provide evidence that caloric substitution of
Western diet with apple pomace has the potential to attenuate the pathogenesis of
neurodegenerative diseases. Based on pre-clinical evidence, apple pomace has the potential to be
a sustainable functional food for brain health.
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Chapter 1
Literature Review
Introduction

The brain regulates various activities in the body including energy homeostasis and
cognitive functions [1]. In order to maintain these activities; the brain is a high-energy organ
requiring 20% of the body’s total energy expenditure [1]. Energy sources are metabolized in the
central nervous system (CNS) by neurons and glial cells. In the fed state, the major energy
sources for the brain are glucose and lactate while ketone bodies are the major energy substrate
during the fasted state [2]. These energy sources are preferred by neuronal mitochondria because
their rapid and efficient catabolism meets the high demands of neuronal processes, such as action
potential and neurotransmitters recycling [2,3]. Despite the high energy demands of the brain,
fatty acid oxidation is not preferred by the CNS due to: (1) use in neuronal and glial cells as
bilayer membranes and myelin sheaths to maintain homeostatic functions, (2) maintenance of
neuronal cells rather than energy metabolism, and (3) slower fatty acid oxidation by the
mitochondria compared to glucose, lactate, and ketone body oxidation due to enzymatic
requirements for transporting fatty acids into the mitochondrial complex as well as high oxygen
demand to produce adenosine triphosphate [1,3].

The hypothalamus plays a major role in regulating energy sources because it sustains
energy requirements for the CNS as well as for the body [4, 5]. Energy regulation by the
hypothalamus is controlled peripherally through extra-neuronal tissues by insulin signals from
the pancreas and by leptin signals from the adipose [6]. Both leptin and insulin signals are
induced through diet and in turn, function to control food intake and energy expenditure [6]. In
1

the hypothalamus, the arcuate nucleus contains Pro-opiomelanocortin (POMC) and Agoutirelated protein neurons (AgRP) regulated by leptin and insulin by binding to their respective
receptors [7]. In AgRP neurons, lack of binding of leptin and insulin to their receptors activates
Forkhead box protein O1 (FOXO1) which binds to POMC promoter to induce appetite [7]. In
POMC neurons, binding of leptin to leptin receptors activates signal transducer and activator of
transcription 3 (STAT3) and phosphoinositide 3-kinases pathways [7]. This leads to the
inactivation of FOXO1 which induces satiety [7]. Upregulation of POMC neurons induces
anorexigenic effects by inhibiting AgRP neurons [7]. Also, stimulation of POMC neurons
releases α-melanocyte stimulating hormone, which inhibits food intake and promotes weight loss
by increasing energy expenditure [8]. Disruption, such as inflammation, in hypothalamic neurons
controlling satiety and appetite, leads to imbalances in energy homeostasis as well as the
development of metabolic syndromes [5]. Therefore, specific dietary macronutrients can affect
brain energy metabolism, function, and homeostasis.

The Western diet is a calorically dense diet. Although there is no standard definition of
the Western diet, it is characterized by processed foods that are high in fat (e.g. animal-derived
saturated fatty acids) and high in refined sugars (e.g. sucrose and fructose), but low in protein,
dietary fibers, micronutrients, and antioxidants [4]. By providing excessive energy from fat or
refined sugar, the Western diet induces mitochondrial dysfunction and neuroinflammation in the
hypothalamus, which has been suggested to contribute to neurodegenerative diseases [1, 3-5].
Studies have reported patients with metabolic syndromes, such as obesity and type 2 diabetes
mellitus, are at higher risk of developing neurodegenerative diseases due to their
proinflammatory state [9].
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Neurodegenerative diseases are incurable debilitating chronic conditions caused by
neuronal inflammation leading to cell death in the CNS [1]. Neurodegenerative diseases are
characterized by accumulation and aggregation of misfolded proteins forming Lewy bodies in
neuronal cells via the amyloidogenic pathway [10]. Cellular inflammation upregulates βsecretase 1 and activates γ-secretase gene expression, a component of presenilin, in the
amyloidogenic pathway producing β-amyloid and other misfolded proteins in neuronal cells [10].
Hypothalamic dysfunction and cognitive impairments have often been reported prior to the
development of Alzheimer's disease [1, 5, 9]. Chronic low-grade cellular inflammation has been
suggested to initiate a cycle of energy dysregulation in the hypothalamus that induces
aggregation of misfolded proteins, leading to the onset of neurodegenerative diseases at a later
age [9]. Current medications can extend the life expectancy of patients; however, quality of life
is not improved [10]. Studies suggest diets high in dietary fiber and antioxidant polyphenols may
protect against neuroinflammation leading to hypothalamic dysfunction and neurodegenerative
diseases [4]. The aim of this literature review is to assess the effects of saturated fats, refined
carbohydrates, (e.g. sucrose and fructose), soluble fibers, and antioxidant polyphenols on
hypothalamic function and neurodegenerative diseases.

High Fat Diets Effects on Brain Function and Neurodegeneration

High-fat diet (HFD) are diets that exceed the Acceptable Macronutrient Distribution
Range (AMDR) for adults of 20-35% daily total kcals [4,11]. HFD consists mainly of long-chain
saturated fatty acids (SFAs), palmitic acid (16:0) and stearic acid (18:0), as well as omega-6
polyunsaturated fatty acids (PUFAs), linoleic acid (LA, 18:2n-6) and arachidonic acid (ARA,
20:4n-6). HFD are low in omega-3 PUFAs, α-linolenic acid (A-LA, 18:3n-3), eicosapentaenoic
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acid (EPA, 20:5n-3), and docosahexaenoic (DHA, 22:6n-3) [12, 13]. In lipid metabolism,
chylomicrons transport dietary triacylglycerols while very-low-density lipoproteins (VLDL)
deliver hepatic de novo synthesized triacylglycerols to extrahepatic tissues including the brain
[14]. Since the fatty acid composition of chylomicrons and VLDL depends on the type of diet
consumed, this suggests a direct effect of diet on brain lipid profile and in turn, brain function
[14, 15]. In the brain, microglia act as immune cells modulating inflammation [10]. Studies
showed HFD consumption, particularly long-chain SFAs (>16 C), activated microglial cells to
induce neuroinflammation in the CNS [5, 16]. In vitro, primary murine microglial cells were
treated for 24 h with SFAs, unsaturated fatty acids, or bovine serum albumin as a negative
control. Lipopolysaccharides were used as a positive control to activate microglia and
inflammatory markers [16]. Results showed palmitic (16:0) and stearic (18:0) acid induced
significantly higher activation of microglia and protein expression of pro-inflammatory
cytokines, tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6), compared to oleic acid
(18:1) and control [16].

Similar results were found in vivo. Mice fed HFD (42% total kcals) consisting of longchain SFAs, palmitic acid (16:0) and stearic acid (18:0), for 16 weeks, showed accumulation of
microglial cells in the hypothalamus accompanied by protein expression of TNF-α compared to
mice fed a standard chow diet [16]. To determine whether these results were influenced by
dietary fats independent of excess caloric intake or weight gain, mice were orally gavaged with
radioactive labeled palmitic acid (16:0). Radioactive labeled palmitic acid (16:0) was detected in
various tissues including the hypothalamus suggesting dietary lipids accumulation in the brain.
This was further confirmed by injecting mice with VLDL containing SFAs labeled with a
fluorescent lipophilic dye. Results showed uptake of SFAs by microglial cells in the
4

hypothalamus within one hour. The collective study results indicated HFD consumption
consisting mainly of long-chain SFAs, palmitic acid (16:0), and stearic acid (18:0), activated
microglial cells, and induced production of pro-inflammatory cytokines in the hypothalamus
through circulating lipoproteins independent of weight gain in mice [16].

Another in vivo study showed HFD consumption resulted in a faster rate of lipid
accumulation and greater neuroinflammation in the brain compared to a high carbohydrate diet
(HCD) [17]. Silva-Santi et al. [17] reported mice fed HFD (fat 58%, carbohydrate 27% total
kcals) or HCD (carbohydrates 76%, 9% fat total kcals) for 7, 14, 28, or 56 days showed
significantly higher palmitic acid (16:0) and stearic acid (18:0) at day 14 and 28 compared to
mice fed HCD. Furthermore, on day 14 and 28 mice fed HFD accumulated significantly higher
brain lipid content (76%) compared to mice fed HCD on day 14 (13%) and 28 (64%). However,
at day 56, palmitic, stearic acid, and brain lipid content were similar between mice fed HFD and
HCD. Results suggested that long-term consumption of both HFD and HCD produced no
significant differences in brain SFA content. The study also measured inflammatory marker
index, a summation of each pro-inflammatory marker gene expression (e.g. TNF- α and IL-6)
divided by an anti-inflammatory marker (IL-10). Results showed a 46% significantly higher
inflammatory marker index at day 56 in mice fed HFD compared to HCD, indicating HFD
consumption induced higher neuroinflammation than HCD [17].

Long-chain SFAs and neuroinflammation have also been implicated in the disruption of
energy homeostasis in the hypothalamus [5, 13]. The hypothalamus regulates food intake and
energy expenditure by receiving peripheral signals (e.g. leptin) to maintain energy balance by
inducing anorexigenic or orexigenic effect [5]. To investigate whether SFAs disrupts energy
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regulation in the hypothalamus, mice (aged 10 weeks) maintained on a standard chow diet were
given an intracerebroventricular (ICV) injection of palmitic acid (25 pmol) and compared to
control mice given an ICV injection of saline [18]. Leptin signaling and inflammatory response
were measured 24 h after ICV administration. Results found central leptin resistance indicated by
decreased protein expression of downstream mediators in food intake pathway, STAT3 and
FOXO1, and increased levels of protein expression of inflammatory cytokine, TNF-α, in the
hypothalamus. The results suggested long-chain SFAs disrupted energy homeostasis in the
hypothalamus due to diet-induced leptin resistance. In addition, the study investigated the effects
of palmitic acid (16:0) induced leptin resistance in the brain on liver functions. Pre-ICV
administration of palmitic acid (16:0) also decreased hepatic gene expression of gluconeogenesis
enzymes: glucose 6-phosphatase and phosphoenolpyruvate carboxykinase, glucose transporter 2,
and de novo lipogenesis (DNL) enzymes, fatty acid synthase, and stearoyl-CoA desaturase-1
(SCD1) [18]. Collectively, the study results showed palmitic acid (16:0) induced
neuroinflammation in the hypothalamus resulted in energy dysregulation in the CNS and liver.

In addition to hypothalamus dysfunction, HFD has been implicated in the development of
neurodegenerative diseases [5, 19]. Transgenic mice expressing human amyloid protein
precursor (APP) and presenilin 1 (PS1) were fed HFD (54% total kcals) or control (10% total
kcals) for 10 weeks. Transgenic mice fed HFD showed brain oxidative stress-related to
mitochondrial dysfunction and increased deposition of β‐amyloid proteins compared to the
control [19]. Similar findings were reported for non-transgenic C57BL/6J mice consuming HFD
(45% total kcals) for 65 weeks. Results showed significantly increased β-amyloid deposition in
the brain mimicked the onset development of Alzheimer’s disease in mice fed HFD compared to
mice fed a control diet (18% total kcals) [20].
6

Other hallmarks ascribed to Alzheimer’s disease is the decrease in the synthesis of the
neurotransmitter acetylcholine in the cholinergic neurons [21]. Cholinergic neurons are
innervated throughout the CNS, which are implicated in many brain activities including
cognitive processes and energy regulation as well as the synthesis of acetylcholine [21, 22]. In
murine cholinergic neuronal cells, β-amyloid proteins reduced acetylcholine concentration, and
this was accompanied by a decrease in choline acetyltransferase activity (Chat), an enzyme
involved in the synthesis of acetylcholine [23]. In contrast, acetylcholinesterase activity, an
enzyme responsible for catalyzing acetylcholine to choline and acetate, was unaltered suggesting
a reduction in the availability of acetylcholine for neurotransmission which implicates
neurodegeneration. However, in vivo, acetylcholinesterase activity was decreased in the
hypothalamus of rats fed HFD (50% of fat; 18.5% carbohydrates by weight) or HCD (44% of
refined-sugar; 4.5% of fat by weight) for 6 months compared to rats fed a control diet (60% of
carbohydrates; 4.5% of fat by weight) [24]. Overall, results suggest diet-induced cholinergic
dysfunction in the hypothalamus reduces acetylcholine synthesis possibly through the β-amyloid
formation.

Several studies reported the role of hypothalamic dysfunction in the pathogenesis of
Alzheimer’s disease. Patients with Alzheimer's disease had β‐amyloid aggregation in the brain
post-mortem and increased leptin in cerebrospinal fluid. Further, leptin receptors were
downregulated compared to similarly healthy-aged controls, suggesting leptin resistance [25].
Diet may play a role in neurodegenerative disease. Undernourished Alzheimer's disease patients,
in terms of weight loss, showed deposition of misfolded protein in the hypothalamus [26].
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Collectively, the reviewed preclinical and human studies suggested that the consumption
of HFD directly promotes neuroinflammation and hypothalamic dysfunction leading to
neurodegenerative diseases. However, Western diets are also high in sugar, and in turn, HCD has
also been suggested to influence brain function and neurodegenerative disease [27].

High Sugar Diets Effects on Brain Function and Neurodegeneration

The Western diet is high in refined carbohydrates. HCD is defined as carbohydrates
consisting of >65% of total kcals compared to the AMDR of 45-65% of daily total caloric intake
as carbohydrates of which 10% is from sugar [4, 11]. HCD consists mainly of sucrose and
fructose with low amounts of complex carbohydrates that include soluble fibers [4]. Glucose is
preferred by astrocytes in the CNS as the main source of energy metabolism for maintaining the
homeostatic function of neurons [1]. However, when provided in excess, glucose stimulates
insulin secretion which promotes DNL in the liver and adipose tissue [28]. The principal
pathway regulating DNL in the liver is activated by lipogenic genes involved in carbohydrates
metabolism and lipogenesis. Transcriptional factors, sterol regulatory element-binding
transcription factor 1 is stimulated by glucose, and carbohydrate-response element-binding
protein is stimulated by insulin. The end products of DNL in the liver and adipose tissues are the
long-chain SFAs, palmitic acid (16:0). In turn, palmitic acid has been implicated in peripheral
and neuroinflammation [28].

Several studies have reported diet-induced chronic liver failure and peripheral
inflammation contributes to neuroinflammation [29, 30]. Silva-Santi et al. [31] investigated the
effects of mice fed HCD (76% carbohydrates, 9% fat total kcals) or HFD (58% fat, 27%
carbohydrate total kcals) for 7, 14, 28, or 56 days on liver metabolism. Gene expression of
8

acetyl-CoA carboxylase 1, the estimated enzyme activity of SCD1, D-6 desaturase, and elongase
based on individual fatty acid product/precursor ratios and inflammatory index were assessed.
Results showed a significant increase in DNL indicated by downregulation of acetyl-CoA
carboxylase 1 gene expression and reduced estimated enzyme activity by precursor/product
(SCD1, D-6 desaturase, elongase) in the liver of mice fed HCD compared to HFD. Inflammatory
marker index was 71% significantly higher in the liver of mice fed HCD compared to mice fed
HFD, suggesting HCD promotes inflammatory status in the liver [31]. In a follow-up study,
Silva-Santi et al. [17] on brain tissue, mice fed HFD showed increased neuroinflammation in the
brain compared to HCD; whereas HCD induced peripheral inflammation in the liver, suggesting
a link between peripheral inflammation and neuroinflammation in the brain.

To investigate whether peripheral inflammation activates microglial cells as an indicator
of neuroinflammation, mice were fed HCD (74.2% total kcals) for 12 weeks. Results showed
microglial cell activation in the brain accompanied by a significant increase in brain TNF-α and
IL-6 compared to mice fed a control diet (65% total kcals) [27]. Further, adiposity-index was
significantly higher at day 3 and 12 weeks in mice fed HCD compared to the control diet,
suggesting adiposity induced neuroinflammation [27]. In a human cross-sectional study
comprising of 117 obese (body mass index ≥ 30) and 83 non-obese (body mass index < 24)
individuals. Participants were assessed for a range of inflammatory cytokines. Obese individuals
showed significantly increased serum IL-5, IL-10, IL-12, IL-13, Interferon-gamma, and TNF-α
compared to non-obese individuals [32]. Both the human and animal studies reviewed suggest
chronic consumption of HCD promotes inflammation due to increased adiposity and this, in turn,
activates microglial cells inducing neuroinflammation.

9

High sucrose diet (HSD) consumption has also been implicated in hypothalamic
dysfunction and the development of neurodegenerative diseases. In an animal study, transgenic
(APP/PS1) and non-transgenic mice fed HSD (35% sucrose by weight) for 28 weeks showed a
significant adipose gain compared to mice fed the control diet (1.16% sucrose by weight) [33].
Additionally, serum IL-6 and interleukin 1 beta (IL-1β) content in the hypothalamus were
significantly higher in transgenic mice fed HSD compared to non-transgenic mice fed HSD diet.
The results showed mice expressing (APP/PS1) were more susceptible to neuroinflammation
induced by HSD intake [33]. Further, microglial cell activation only occurred in transgenic mice
fed HSD indicated by significantly upregulation gene expression of ionized calcium-binding
adaptor molecule 1 (Iba1). Consequently, POMC gene expression was downregulated which was
accompanied by reduced phosphorylated STAT3 suggesting hypothalamic dysfunction due to
leptin resistance. Additionally, cortical and serum levels of β-amyloid were significantly higher
in transgenic mice fed HSD compared to the control diet suggesting development of
neurodegeneration. Overall, results suggested long-term consumption of HSD increases
adiposity which contributes to the cascade of neuroinflammation, hypothalamic dysfunction, and
increased levels of β-amyloid involved in the development of neurodegenerative diseases.

Long-term consumption of fructose has also been implicated in the early development of
neuroinflammation and neurodegenerative diseases due to its lipogenic properties independent of
excess caloric intake [34]. Female rats were fed high fructose diet (HFRD; 30% total kcals)
compared to 0% fructose (control) for 12 weeks then mated [35]. Pregnant dams were
maintained on their assigned diets. Lactating rat dams were fed a standard chow diet until their
offspring were weaned. Rat pups exposed to HFRD in utero showed significantly higher brain
gliosis, neuronal cell death, and TNF-α compared to pups exposed to no fructose [35]. Results
10

showed in utero HFRD exposure influences offspring brain neuroplasticity and
neuroinflammation. Similar effects were found in weanling rats fed HFRD (55% total kcals) for
10 weeks [36]. Feeding HFRD resulted in significantly higher adiposity, upregulated gene
expression of the pro-inflammatory marker (complement component 4B) in the hypothalamus,
and increased serum TNF-α compared to rats fed the control diet (0.30% total kcals) [36].
Results showed growing rats fed HFRD consumption promoted adiposity resulting in
peripherally induced neuroinflammation.

Collectivity, pre-clinical studies showed consumption of HSD and HFRD similar to the
consumption of the Western diet (e.g. high in sugar as well as fat) increasing adiposity that
produced peripheral inflammation, and this, in turn, induced neuroinflammation, and
development of neurodegenerative diseases. Another characteristic of the Western diet that may
potentially promote neuroinflammation and neurodegenerative diseases is the low dietary fiber
content.

Dietary Soluble Fibers on Brain Function and Neurodegeneration
The recommended dietary allowance (RDA) for dietary fibers is 25 – 38 g/day for adults
[11]. Fiber intake in the United States population is below the RDA for adults (18 g/day) [37].
The low dietary fiber content of the Western diet has been suggested to contribute to
neuroinflammation leading to the onset development of neurodegenerative diseases [4]. In
contrast, diets that are rich sources of soluble fibers (e.g. fruits and vegetables) have been
reported to decrease the risk of developing neurodegenerative diseases [4, 38]. The consumption
of soluble fibers lowers the absorption of dietary long-chain SFAs as well as bile acids by
promoting binding and excretion in the feces [39].
11

One of the major phospholipids in bile acids is phosphatidylcholine which accounts for
95% phospholipid in humans and 100% in rats [40]. Phosphatidylcholine plays a key role in
providing choline for the synthesis of acetylcholine in the CNS reducing the risk of
neurodegeneration [41]. Dietary soluble fiber has been reported to selectively retain
phospholipids in the liver while excreting bile acids in the feces to sustain sufficient
phosphatidylcholine levels for de novo synthesis of acetylcholine in extra-hepatic tissues, such as
the brain [42, 43]. Rats fed pectin supplemented diet (7% by weight), a soluble fiber abundant in
apples, for 4 weeks reduced phospholipids excretion while increased bile acid excretion in feces
compared to rats fed a control diet (0% by weight) [43]. Results suggest dietary soluble fibers
increase the retention of phosphatidylcholine in the body, and thereby, provide a sufficient
amount of choline for acetylcholine synthesis.

Other potential beneficial effects of soluble fiber intake have been suggested to be due to
changes in the gut-brain axis [44]. Fermentation of soluble fibers by gut microbiota produces
short-chain fatty acids (SCFAs): valeric, acetate, propionate, and butyrate [45]. In vitro, valeric
acid and butyrate acid have been found to inhibit β-amyloid formation and aggregation in photoinduced cross-linking of unmodified proteins, suggesting SCFA attenuates the development of
neurodegeneration [46].

To investigate the role of diet-induced microbiota composition on neuroinflammation,
mice fed chow diet were microbiome depleted using antibiotics and then recolonized with
microbiota harvested from the cecum and colon of either mice fed HFD (60% total kcals) or
mice fed a chow diet (13% total kcals) [47]. Results showed a significant increase in microglial
activation indicated by significantly increased protein expression of Iba1 and inflammatory
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markers, toll-like receptor 1 (TLR1) and TLR4 in the brain of mice fed HFD compared to chow
diet. Based on the results microbiota modulation by HFD induces neuroinflammation in the
brain. Another study investigating dietary effects on the vagus nerve connecting the gut to the
CNS (nodose ganglion). Mice fed short-term (24h) HFD (60% total kcals) had significantly
increased Iba1 protein expression and inflammatory marker TLR4 compared to mice fed a
control diet (12% total kcals) [48]. In addition, hypothalamic microglial activation was
significantly higher in mice fed HFD compared to the control diet. Collectively, the study results
supported an association between gut inflammation and hypothalamic neuroinflammation.

Another study investigated the consumption of dietary soluble fiber on SCFA levels and
inflammation in aged mice since hypothalamic dysfunction and neurodegeneration diseases are
induced due to chronic neuroinflammation. Lipopolysaccharide-treated aged (22-25 months)
mice provided a high soluble fiber diet (5% inulin by weight) for 4 weeks altered gut microbiota
composition and significantly increased SCFAs, butyrate, and acetate, compared to mice
provided a low fiber diet (1% cellulose by weight) [49]. Neuroinflammation measured as IL-1β
and microglial activation were attenuated in aged mice fed high soluble fiber diet compared to
low soluble fiber diet, suggesting anti-inflammatory effects of SCFAs in the brain. Similar
findings were reported in a human clinical trial of patients with neurodegenerative diseases [50,
51]. Patients with Parkinson’s disease had altered fecal microbiota composition and significantly
lower SCFA concentration compared to healthy controls. The results suggested a role of
microbiota and SCFAs in the pathology of neurodegenerative disease [50]. However, the study
did not report dietary fiber consumption in the groups.
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Overall, the in vitro, preclinical and human studies reviewed reported consumption of
soluble fibers increased choline for acetylcholine synthesis and ameliorated dysbiosis induced by
consumption of the Western diet and these, in turn, reduced brain dysfunction,
neuroinflammation, and development of neurogenerative diseases. In addition to soluble fiber,
plant diets are also rich sources of polyphenols [4].

Polyphenols on Brain Function and Neurodegeneration

There is no RDA for dietary polyphenol intake. However, polyphenol consumption in the
U.S. population is almost certainly low due to their low-dietary intake of fruits and vegetables,
which are rich sources of polyphenols [52]. Polyphenol and their metabolites have antioxidant
activity to neutralize reactive oxygen species (ROS) [53, 54]. Chronic ROS also leads to
mitochondrial dysfunction which has been implicated in decreased acetylcholine synthesis, a
characteristic of neurodegenerative diseases [55]

Adult (aged 9-12 months) and older (aged 2-2.5 years) transgenic mice lacking ApoE
were maintained on either a pro-oxidant diet deficient in folate and vitamin E (supplemented
with 10% iron by diet weight, as a pro-oxidant) or a normal diet (4 mg/kg folic acid; 50IU/kg
Vit. E; 0% supplemented iron) for 1 month [56]. Mice fed pro-oxidant diets were provided apple
juice made from whole apples (0.5% vol/vol) or no apple juice (adjusted with sugar content) in
drinking water. Results showed apple juice attenuated decreased brain acetylcholine content
compared to a normal diet, suggesting apple juice antioxidant constituents, such as polyphenols,
ameliorated a decrease in acetylcholine in the brain caused by pro-oxidant diet.

14

Polyphenols were reported to attenuate ROS and mitochondrial dysfunction [57]. Rats
(aged 4 months) were orally fed administered proanthocyanidins, a polyphenol abundant in grape
seed extract, at 25, 50, and 75 mg/kg/day compared to a control diet (0 mg) for 9 weeks [57].
Brain oxidative stress was assessed by measuring superoxide dismutase and catalase activity as
markers of antioxidants and malondialdehyde and protein carbonyl content as indicators for lipid
peroxidation and protein oxidation. Brain dysfunction was assessed by measuring Chat and
acetylcholinesterase activity and acetylcholine content. Rats fed 75 mg/kg/day of
proanthocyanidins showed significantly increased superoxide dismutase activity and decreased
malondialdehyde and protein carbonyl content compared to control. Further, the brain
acetylcholine content of rats fed 75 mg/kg/day of proanthocyanidins was significantly increased.
This was accompanied by an increase in Chat activity and a decrease in acetylcholine esterase
activity suggesting supplementation of proanthocyanidins attenuated ROS and
neurodegeneration by increasing antioxidant activity and acetylcholine synthesis in the brain.

Grape seed proanthocyanidin extract has also been reported to exert other mechanisms.
Mice fed a Western diet (35% fat and 51% carbohydrates kcal) supplemented with grape seed
proanthocyanidins extract (25 mg/kg) for 13 weeks ameliorated gene expression of POMC and
phosphorylated STAT3 in the hypothalamus and reduced food intake compared to mice fed
HFD. The results suggested leptin resistance in the hypothalamus was attenuated by grape seed
proanthocyanidin extract intake [58].

Other studies showed polyphenols attenuated amyloidogenic pathway and the
development of neurodegenerative diseases [59]. In vitro, resveratrol (trans-3,4′,5trihydroxystilbene), an antioxidant polyphenol found in many plants, but particularly high in
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grapes, decreased β-amyloid proteins in HEK293 kidney cells transfected with human APP [59].
In an animal study, transgenic (APP/PS1) mice (aged 3 months old) were fed either standard
chow diet or chow diets consisting of low (20 mg/kg/day) or high dose (40 mg/kg/day) quercetin,
an antioxidant polyphenol abundant in grapes, for 16 weeks to investigate mitochondria, ROS
production and senile plaques in the brain [53]. Results showed high-dose (40 mg/kg/day)
quercetin significantly attenuated ROS production and increased adenosine triphosphate
production compared to low-dose quercetin and chow fed mice. Furthermore, senile plaques
were significantly decreased in the brain of mice fed the high-dose quercetin diet compared to
low-dose quercetin [53]. The results suggested antioxidant properties of quercetin have the
potential to lower the risk of age-related development of neurodegenerative diseases.

The effects of consuming grape powder rather than purified polyphenols on brain health
were also investigated in vivo. Adult rats were fed a Western diet (50% carbohydrate, 38% total
kcals as fat) for 66 weeks to mimic the consumption of Western diet and to promote
neurodegeneration. This was followed by supplementation with a low (3.0% w/w) or high (6.0%
w/w) dose of grape powder for 12 weeks [60]. Protein expression of the amylogenic pathway
including β-secretase, α-secretase, and β-amyloid was assessed in the brain [60]. At week 52, rats
fed Western diet showed a significant increase in protein expression of β-secretase and βamyloid accompanied by a decrease in α-secretase compared to rats fed a control diet (76%
carbohydrate, 9% total kcals as fat). The results suggested Western diet consumption induced the
formation of β-amyloid through the amyloidogenic pathway. In contrast, rats receiving a high
dose (6.0% w/w) grape powder supplement for 12 weeks significantly attenuated protein
expression of β-secretase and β-amyloid. This was accompanied by increased protein expression
of α-secretase. Results showed high dose grape powder intake attenuated the onset development
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of neurogenerative diseases by shifting the amyloidogenic pathway forming β-amyloid to the
non-amyloidogenic pathway through the upregulation of α-secretase protein expression.

Collectively, the studies reviewed support consumption of plant foods high in
polyphenols such as fruits to counteract the negative impact on the brain caused by the Western
diet. Polyphenols whether provided in purified form, as an extract or as powder were all found to
have beneficial effects on brain health, suggesting consumption of fruits waste products has the
potential to reduce the risk of neurodegeneration.

Caloric Substitution of Western Diet with Apple Pomace

Apples are one of the most popularly consumed fruits in the U.S. and a rich source of
soluble fibers as well as polyphenols [61]. In a study comparing ten popularly consumed fruits in
the U.S., apples ranked second in terms of total phenolic compounds (mg gallic acid
equivalents/100g fruit) and total antioxidant activity (μmol vitamin C equivalents/g fruit) [62].
The U.S. is the second global leader in apple production generating ~5,170,000 metric tons of
apples, annually [64]. Of the apple harvested, approximately 12% (620,400 metric tons) are
processed into juice resulting in an estimated 25% (~155,100 metric tons) of the apple’s mass
being discarded as waste known as apple pomace [61, 64]. Apple pomace consists of skin, pulp,
seeds, and stem [61].
Apple pomace’s high water-activity (0.937) causes fermentation and microbial growth
contributing to environmental pollution and the need for proper disposal at the cost of $10
million, annually [61, 65]. Apple pomace is higher insoluble fibers (22%), polyphenols
(0.029%), and fat (1.3-3.6% predominantly linoleic acid and oleic acid) compared to a whole
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apple [61]. Based on nutrient composition, apple pomace has the potential to reduce the risk of
neurogenerative diseases induced by Western diet consumption. This is important since an
estimated 5.8 million Americans age 65 and older are living with Alzheimer’s disease with an
esitamted health care of $305 billion and no effective treatments for attenuating disease
progression [66]. The Alzheimer’s Association recommends consuming diets high in fruits and
vegetables while reducing SFAs and sugar to lower the risk of neurodegeneration. While
constituents in apple pomace indicate potential use as a dietary therapy for preventing
neurodegenerative diseases, apple pomace is high (12-22%) in fructose compared to whole
apples (5.8-6%), which is a potential health concern [61, 67].

Fructose is a lipogenic substrate and has been implicated in the development of nonalcohol fatty liver disease (NAFLD) [68]. NAFLD is characterized by fat accumulation,
increased liver inflammation, and increased risk of metabolic syndrome [68-69]. An estimated
>25% of the U.S population has NAFLD [69]. NAFLD is reversible by diet and weight
management [69]. However, untreated NAFLD leads to inflammation and progresses to nonalcoholic steatohepatitis (NASH), which has been implicated in liver failure and possibly
neurodegeneration [69].

A study by Kim et al. [70] reported NAFLD accompanied by increased neuronal
apoptosis, β-amyloid plaques, and microglial activation in the brain of transgenic mice (APP) fed
HFD (37% total kcal) compared to control diet (17% total kcal) for 5 months. Switching
transgenic mice consuming HFD to the control diet mid-study (3 months) decreased senile
plaques in the brain compared to transgenic mice fed HFD until the end of the study (5 months)
[70]. Results suggested NAFLD is implicated in neurodegeneration and attenuation by diet
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intervention, thus providing a rationale for caloric substitution of Western diet with apple
pomace.

Skinner et al. [69] fed rats a Western diet (45% fat total kcal) caloric substituted with 10% of
apple pomace (Western/AP) found reduced fat infiltration in liver and downregulation of gene
expression of diacylglycerol O-acyltransferase 2, an enzyme involved in DNL. Results suggested
the fructose content in apple pomace had no significant effect on the pathology of NAFLD and
NASH [69]. In a follow-up study, Skinner et al. [71] investigating Western/AP on gonadal
adipose-liver crosstalk on inflammatory status. Results showed rats fed Western/AP attenuated
gene expression of proinflammatory cytokines TNF-α, IL-6 and transcription factor, nuclear
factor-kappa β, in gonadal adipose tissues, downregulated hepatic nuclear factor-kappa B gene
expression, and increase serum total antioxidants [71]. Moreover, apple pomace mobilized
palmitoleic acid (16:1n-7), oleic acid (18:1n-9), and palmitic acid (16:0) from the liver to
gonadal adipose tissue [71]. Results suggested Western diet substitution with 10% apple pomace
reduced inflammation in adipose tissue and liver by decreasing lipid transport to the liver and by
increasing serum antioxidant activity, which may have a similar effect on the hypothalamus.
Collectively, these animal studies provide a rationale for utilizing apple pomace as potential
diet therapy for decreasing hypothalamic dysfunction and neurodegeneration. Plants require a
copious amount of agricultural inputs such as irrigation water and the use of pesticides.
Additionally, fruits and vegetables contribute to the highest total daily per capita of food waste
(39%) in the United States. Therefore, converting food waste to health-promoting sustainable
foods can also contribute to reducing the environmental pollution.
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To our knowledge, no studies have investigated the effects of apple pomace on diet-induced
hypothalamic dysfunction and neurodegeneration. Determining the effects of caloric substitution
of Western diet with apple pomace on brain health as a potential sustainable functional food can
contribute to reducing apple pomace disposal costs as well as health-care costs for treating
neurodegenerative diseases. Therefore, studying the effects of caloric substitution of Western
diet with apple pomace on diet-induced hypothalamic dysfunction and neurodegeneration is
warranted.
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Chapter 2
Study Objective and Hypothesis
Objective: To determine the effects of Western diet and caloric substitution of Western diet with
10% apple pomace on brain fatty acid composition and expression of genes related to
hypothalamic function and neurodegeneration risk in growing female rats.
Hypothesis: Caloric substitution of Western diet with 10% of apple pomace will change fatty
acids composition in the brain, and this in turn, will attenuate expression of genes related to
hypothalamic dysfunction and neurodegeneration in growing female rats.
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ABSTRACT

Background: The hypothalamus plays a major role in regulating food-intake and energyexpenditure. Hypothalamic dysfunction implicated in neurodegenerative diseases is
characterized by diet-induced neuroinflammation and energy dysregulation. Apple pomace, a
waste byproduct of processing, is rich in polyphenols and soluble fibers, has the potential to
ameliorate diet-inducing inflammation.
Objective: The objective of this study was to determine the effects of Western diet and caloric
substitution of Western diet with 10% apple pomace on brain fatty acid composition and gene
expression related to hypothalamic function and health in growing female rats.
Methods: Growing female Sprague-Dawley rats (age 22-29 days) were randomly assigned (n=8
rats/group) to consume purified AIN-93G (control), Western diet, or Western calorically
substituted with 10% apple pomace (Western/AP) diets for 8 weeks. Brain lipid content and fatty
acid profile analysis were measured. Differentially expressed genes were measured in the
hypothalamus using RNA-Seq.
Results: Western/AP diet consisted of the highest amount of soluble fibers and polyphenols.
Brain oleic acid was highest in rats fed Western/AP diet (p < 0.0005). RNA-seq results
comparing the hypothalamus of rats fed Western to Western/AP showed 15 differentially
expressed genes, of which 5 genes: phospholipase D family member 5 (PLD5), synuclein alpha
(Snca), NADH dehydrogenase (ubiquinone) Fe-S protein 6 (Ndufs6), choline O-acetyltransferase
(Chat), and frizzled class receptor 6 (Fzd6) were implicated in neurodegenerative diseases. Apple
pomace attenuated the upregulation of Snca (q < 0.05), Chat (q < 0.05), and Ndufs6 (q < 0.05),
as well as downregulated PLD5 (q < 0.06), and Fzd6 (q < 0.05) gene expression. Results
suggested apple pomace dietary supplementation led to reduced neurodegeneration,
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acetylcholine impairment, and mitochondrial dysfunction through the modulation of brain lipid
content and profile.
Conclusion: The results provide evidence that partial caloric substitution of Western diet with
apple pomace has the potential to attenuate the pathogenesis of neurodegenerative diseases.
Significance: Based on pre-clinical evidence, apple pomace has the potential to be a sustainable
functional food for brain health.
Keywords: Western diet, apple pomace, hypothalamus, neurodegenerative diseases, functional
foods.
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Introduction
The hypothalamus orchestrates signals from the central nervous system (CNS) and
regulates basic body functions that include a major role in regulating food intake and energy
expenditure [1]. In the hypothalamus, the upregulation of Agouti-related protein neurons (AgRP)
by the lack of binding of both neuroendocrine signals, leptin, and insulin, to their receptors
induce orexigenic effects [1], whereas the upregulation of Pro-opiomelanocortin neurons
(POMC) induces anorexigenic effects in the hypothalamus [1]. Disruption, such as inflammation,
in hypothalamic neurons controlling satiety and appetite, leads to imbalances in energy
homeostasis as well as the development of metabolic syndromes and neurodegenerative diseases
[2].
Accumulation of misfolded proteins in the hypothalamus caused by neuroinflammation
results in the onset of neurodegenerative diseases, including Alzheimer’s and Parkinson’s
diseases [3]. The impairment of cholinergic neurons is one of the hallmarks of neurodegenerative
diseases, possibly due to the reduction of the neurotransmitter acetylcholine, which has
implications in modulating POMC neurons in the hypothalamus [4, 5]. Choline is a substrate
in the de novo synthesis of acetylcholine and the liver is the central organ responsible for choline
metabolism [6]. Patients with non-alcoholic fatty liver disease (NAFLD) have reported being
deficient in choline, suggesting a relationship between diet-induced NAFLD and
neurodegeneration in the CNS [6]. Kim et al. [7] reported NAFLD was accompanied by
increased neurodegeneration in mice fed a Western-style diet.
The Western diet is characterized by calorically dense foods high in refined sugars (e.g.
sucrose and fructose) and fat (e.g. long-chain saturated fatty acids >16C), but low in protein,
soluble fibers, and polyphenols [8]. Studies have reported diets high in fat and sugar
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induced changes in brain lipid composition and food intake implicated in
neurodegeneration [9].
In 2020, an estimated 5.8 million Americans age >65 were diagnosed with Alzheimer’s
disease with an estimated health care costs of $305 billion [10]. The Alzheimer’s Association
recommends consuming diets high in fruits and vegetables while reducing saturated fatty acids
and refined sugars to lower the risk of neurodegeneration [10]. Apple pomace consists mainly of
skin, pulp, seeds, and stem makes it a rich source of soluble fibers and polyphenols. Nutrient
analysis report apple pomace is low in fat (1.3-3.6%: mostly as linoleic acid and oleic acid), high
in soluble fibers (22%), and antioxidant polyphenols (0.029%) [8, 11]. However, apple pomace
is also high in fructose. Previously, our laboratory found growing rats fed a Western diet (45%
fat total kcal) substituted with 10% of apple pomace attenuated the development of NAFLD [11].
Given reports of NAFLD and risk of neurodegeneration, this led us to hypothesize that apple
pomace has the potential to attenuate hypothalamus dysfunction and neurodegeneration induced
by a Western diet.
An issue of emerging importance in the field of nutrition and food sciences is converting
food waste into sustainable foods that reduce strain on the environment while improving dietquality and promoting a healthy population. Although rich in nutrients, apple pomace is
considered a waste product of apple processing which is costly for producers to dispose of as
well as adds to environmental pollution [8, 11]. Fruits and vegetables contribute to the highest
amount of total food waste daily per capita (39%) in the United States [12].
To our knowledge, no studies have investigated the effects of apple pomace on
hypothalamic dysfunction related to neurogenerative diseases. Using RNA sequencing
technology, we performed an exploratory study on the rat brain in order to determine the effects
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of Western diet caloric substitution with apple pomace on global expression of genes implicated
in food intake and neurodegeneration.

Materials and Methods
Animals and Diets
All animal procedures used in this study were approved by Animal Care and Use
Committee at West Virginia University and were conducted according to the National Research
Council for the Care of Laboratory Animal Guidelines. Female Sprague-Dawley rats (age 22-29
days) were obtained from Harlan-Teklad (Indianapolis, IN, USA). Upon arrival, rats were
individually housed in metabolic cages and kept in a room at a temperature of 21 ± 2oC with a 12
h light/dark cycle.
At the end of 7 days of acclimation, rats were randomly assigned to three dietary groups
(n=8 rats/group) consisting of (1) the American Institute of Nutrition-93G (AIN) (3.8 kcal/g), a
standard purified rodent diet formulated to meet the nutrient requirements of growing animals as
a control, (2) Western diet (45% saturated fat, 33% sucrose by kcals), or (3) Western diet with
10% of diet weight (g/kg) substituted with apple pomace (Western/AP). Apple pomace was
provided by Swilled Dog Hard Cider Company (Franklin, WV, USA). Nutrient analysis of the
apple pomace was performed by Medallion Laboratories (Minneapolis, MN, USA), and total
polyphenols determined using the Folin-Ciocalteu method [13]. Western diet and Western diets
substituted with 10% apple pomace were adjusted to be isocaloric by adjusting fat and
carbohydrates kcal (4.7 kcal/g) (Table 1). All experimental diets were stored at −20oC until fed
to rats.
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Rats were given ad libitum access to their randomly assigned diet and deionized water
(ddH2O) throughout the 8 weeks study duration. Food intake was measured daily and replaced
with assigned fresh diets. ddH2O and body weight was measured weekly. Feed Efficiency Ratio
was calculated by weight gain (g) divided by food intake (g) * 100. At the end of 8 weeks, rats
were fasted overnight then euthanized by carbon dioxide inhalation. Brain was excised, weighed,
and then flash-frozen in liquid nitrogen and stored at −80oC until analyzed.
Brain Total Lipid Content and Fatty Acid Composition
Lipid extraction was performed on brain tissue according to Bligh and Dyer [14]. Briefly,
0.1g of brain tissue was homogenized in Tris/EDTA buffer (pH 7.4). Nonadecanoic acid (19:0;
50 μL) was added as a standard during the initial weighing of the samples to quantify fatty acids.
Chloroform: methanol: acetic acid (2:1:0.15,v/v/v) solution was added to brain samples,
centrifuged at 900×g for 10 min at 10oC, and then the bottom chloroform layer collected. The
collected chloroform layer was mixed with chloroform: methanol (4:1 v/v), and centrifuged at
900×g at 10oC for 10 min. The chloroform layer was collected and filtered by phase separation
filters. Extracted lipids were dried under nitrogen gas. Total lipid content in the brain was
determined gravimetrically.
Following lipid extraction, brain tissue samples were transmethylated according to the
method described by Fritsche and Johnston [15]. Briefly, fatty acids were methylated by adding
4% sulfuric acid in anhydrous methanol to the extracted lipid samples followed by incubation in
a 90oC water bath for 60 min. Samples were cooled to room temperature and ddH2O were added.
Chloroform was added to the methylated samples and then centrifuged at 900×g for 10 min at
10oC. The collected chloroform layer was filtered through anhydrous sodium sulfate to remove
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any remaining water. Fatty acid methyl esters (FAMEs) were dried under nitrogen gas and resuspended in iso-octane.
FAMEs were analyzed by gas liquid chromatography (GLC) (model CP-3800; Varian,
Walnut Creek, CA, USA) using an initial temperature of 140oC held for 5 min and then increased
1oC per min to a final temperature of 220oC. A wall-coated open tubular fused silica capillary
column (Varian, Walnut Creek, CA, USA) was used to separate FAME with CP-Sil 88 at the
stationary phase. Nitrogen was used as the carrier gas and the total separation time was 56 min.
Quantitative 37 Component FAMEs Sigma Mix (Supelco, Bellefonte, PA, USA) was used to
identify fatty acids. Fatty acids were determined by retention time and quantified using peak
counts. All samples were performed in duplicate and reported as % of total fatty acids.
RNA Isolation and Sequencing
Shown in Figure 1, a flowchart of RNA-seq study and data analysis. Under aseptic
conditions, the hypothalamus was excised from frozen brain tissue using a sterile 5mm biopsy
tool based on rat brain Atlas [16]. Total RNA was extracted from the hypothalamus according to
the manufacturer’s instruction using the mirVana miRNA Isolation Kit (Thermo Scientific,
Waltham, MA, USA). Following DNase I treatment with BIO-RAD kit (Hercules, CA, USA),
isolated RNA integrity was quantified by spectrophotometry (NanoDrop 100; Thermo Scientific,
Waltham, MA, USA). RNA quality was determined by Agilent 2100 Bioanalyzer. mRNA
samples > 9.0 RNA Integrity Number (RIN) were used to construct sequencing libraries (n=5 per
group). Library preparation was performed by commercially available Novogene (Sacramento,
CA, USA) using Illumina 1.9 HiSeq resulting in ∼19-22 million clean reads per sample and
generation of 150 bp paired-end reads. Raw sequenced reads were filtered out for low quality
and adapters. All samples (n=30 left/right) had an effective rate greater than 93.50% (Clean
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reads/Raw reads*100%). Sample reads were mapped to their input read with an average of
93.9%.
RNA-Seq Data Analysis and Quality Control
All sample paired-reads FASTQ files were quality checked using Fastqc (version 0.11.5).
This produced sequencing files that have an average per base Phred score > 35, which indicates a
high-quality base call. VICE DESeq2 pipeline was used to analyze gene expression through
Cyverse Discovery Environment (de.cyverse.org) [17]. RMTA v2.6.3 and Rstudio-DESeq2 app
were used to determine gene expression according to the pipeline workflow. Rattus norvegicus
(GCF_000001895.5/ Rnor_6.0) genome assembly was used as a reference [18]. Gene annotation
(Rattus norvegicus) Rnor_6.0.99.gtf.gz was obtained from the Ensembl website
(useast.ensembl.org) and used to annotate the genome assembly. HISAT2 was used to map
samples reads to the genome assembly, according to the pipeline, producing feature counts [17].
Principle component analysis graph was produced by pcaexplorer [19]. Gene upregulation and
downregulation was visualized by heatmaps produced using R studio (version 1.2.5033) by
ggplot2 and pheatmap functions. Phenotypes of differentially expressed genes were obtained
from the Ensembl BioMart tool filtered based on gene ID, gene name, and phenotype description
[20]. PANTHER expression analysis tool was used to determine gene pathway association [21].
Statistical Analysis
Statistical analyses for non-RNA-seq experiments were performed using JMP 12.2
statistical software package (SAS Institute, Cary, NC, USA). Results are expressed as mean ±
standard error of the mean (SEM). Data were analyzed for normal distribution and homogeneity
of variance prior to conducting One-Way Analysis of Variance (ANOVA) to determine the
differences among dietary groups. Post hoc multiple comparison tests were performed on
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parametric data using Tukey’s test with differences considered to be significant at p < 0.05. For
gene expression analysis, feature counts were normalized using shifted logarithm transformation
and visualized by VICE DESeq2 pipeline script [17]. Significantly different gene expressions
were determined based on adjusted p-value less than 0.10 (q < 0.10) according to the DESeq2
script.
Results
Diet analysis
Caloric substitution of Western diet with 10% apple pomace (Western/AP) resulted in the
highest polyphenol content among experimental diets. All diets were adjusted for 5% of total
dietary fiber. Western and AIN diets consisted of 5% insoluble fiber (cellulose); whereas,
Western/AP diet consisted of 3.9% insoluble fiber (cellulose) and 1.1% soluble fiber (pectin).
Western/AP diet had higher fructose (17.5%) content compared to Western diet (17%) and AIN
diet (10%). Western diet had higher sucrose (34%) content compared to Western/AP (28.4%)
and AIN (10%) diet. Both Western diets had higher fat content (45% total kcal) than AIN diet
(17% total kcal) (Table 1).
Table 2 shows the fatty acid profile of experimental diets. Western/AP had the highest
palmitic acid content (p < 0.05) among experimental diets. Western diets were higher (p < 0.05)
in saturated fatty acids (SFAs), palmitic acid (16:0), and stearic acid (18:0) compared to AIN
diet. Additionally, Western diets were higher (p < 0.05) in monounsaturated fatty acids
(MUFAs), palmitoleic acid (16:1n-7), and oleic acid (18:1n-9), but significantly lower in
essential fatty acids, α-linolenic acid (18:3n-3) and linoleic acid (18:2n-6) compared to AIN diet.
The long-chain omega-6 polyunsaturated fatty acid (PUFAs), arachidonic acid (ARA, 20:4n-6)
was higher (p < 0.05) in Western diets compared to the AIN diet. In all diets, long-chain omega-
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3 polyunsaturated fatty acids, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)
were below the GLC detection level.
Food intake, Body Weight and Adiposity
Total caloric intake was higher (p < 0.0006) in rats fed Western diets compared to rats
fed AIN diet. Lipid intake was higher (p < 0.0001) in rats fed Western diets compared to rats fed
AIN diet. Total carbohydrate intake was lower in rats fed Western diets compared to rats fed
AIN diet (p < 0.0001). There was no significant difference in lipid and total carbohydrate intake
between rats fed Western diet compared to Western/AP. There were no significant differences in
total protein intake and feed efficiency ratio among rats fed different experimental diets (Table
3).
At the end of the 8 weeks feeding study, rats fed Western/AP diet, but not Western diet
had higher (p < 0.0373) final body weight compared to rats fed the AIN diet. Gonadal fat pad
weight was significantly greater (p < 0.0022) in rats fed Western diets compared to AIN diet.
There were no significant differences in brain weight expressed as absolute or relative weight
among rats fed different experimental diets (Table 3).
Total Brain Lipid Content and Fatty Acid Composition
Shown in Table 4, rats fed Western diet had the highest (p < 0.0001) brain lipid content.
Brain lipid content was not significantly different in rats fed Western/AP compared to AIN diet.
Rats fed Western/AP had the highest (p < 0.0005) brain oleic acid (18:1n-9). Rats fed
Western/AP, but not Western diet had lower (p < 0.0297) brain linoleic acid (18:2n-6) compared
to rats fed AIN diet. There were no significant differences in palmitic acid (16:0), stearic acid
(18:0), and DHA (22:6n-3) composition in the brain of rats fed any of the experimental diets.
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Palmitoleic acid (16:1n-7), α-linolenic acid (18:3n-3), ARA (20:4n-6), and EPA (20:5n-3) in
brain tissue were below the GLC detection level.
Global Hypothalamic Gene Expression Analysis
In Figure 2, global principal component analysis (PCA) showing random scatter points
of all rats fed different experimental diets, indicated no clear differences in gene expression in
the hypothalamus. Global hierarchical clustering analysis (HCA) heatmap of rats fed different
experimental diets showed similar color shadings across all samples as well as random column
clustering denoting no significant differences in gene expression in the hypothalamus (Figure 3).
Likewise, HCA heatmap of genes implicated in food intake pathway regulating POMC and
AgRP neurons which included: leptin receptors (LepR), insulin receptors (InsR), janus kinase 3
(Jak3), signal transducer and activator of transcription 3 (STAT3), forkhead box protein O1
(FOXO1), phosphoinositide 3-kinases (Pi3k), cocaine-and amphetamine-regulated transcript
(Cart), neuropeptide Y (Npy), and melanocortin 4 receptor (Mc4r) also showed no significant
differences in gene expression in the hypothalamus within groups donated by similar color
shading across all samples as well as random column clustering (Figure 4).
Gene expression analysis of the hypothalamus of rats fed Western diets compared to AIN
diet resulted in two differentially expressed genes in the hypothalamus. Fas apoptotic inhibitory
molecule (Faim) was downregulated (q < 0.005) and coiled-coil domain-containing protein 72like gene expression was upregulated (q < 0.0005) in rats fed Western and Western/AP
compared to AIN diet (Table 5).
Western diets Hypothalamic Gene Expression Analysis
Comparison of rats fed Western/AP diet to rats fed Western diet resulted in 15
differentially expressed genes (q < 0.10) (Table 5). HCA heatmap of the 15 genes expressed
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showed different color shading and similar column clustering of each rat fed Western/AP
compared to Western diet, indicating differences between the groups (Figure 5). The eight
differentially upregulated genes in rats fed Western/AP compared to Western diet were: 1)
centrin-3-like (LOC100912538), 2) microRNA 2964 (Mir2964), 3) frizzled class receptor 6
(Fzd6), 4) solute carrier family 35 member F3 (Slc35f3), 5) heparan sulfate-glucosamine 3sulfotransferase 1 (Hs3st1), 6) ring finger FYVE-like ligase (Rffl), 7) inositol polyphosphate-5phosphatase F (Inpp5f), and 8) phospholipase D family, member 5 (Pld5) (Figure 6).
The seven genes differentially downregulated in rats fed Western/AP compared to rats
fed Western diet were:1) NBL1, DAN family BMP antagonist (Nbl1), 2) synuclein alpha (Snca),
3) insulin-like growth factor binding protein 4 (Igfbp4), 4) choline O-acetyltransferase (Chat), 5)
cyclin T1 (Ccnt1), 6) NADH dehydrogenase (ubiquinone) Fe-S protein 6 (Ndufs6), and 7) Von
Willebrand factor A domain-containing 5A (Vwa5a) (Figure 6). Shown in Table 6 are
phenotype, disease, and trait of differentially expressed genes in the hypothalamus of rats fed
Western/AP compared to Western diet.
Discussion
Studies on high-fat diet consumption showed dietary fatty acids accumulate directly in
the brain [22, 23]. Taha et al. [24, 25] reported lower linoleic acid (18:2n-6) intake in rats
attenuated lipopolysaccharide-induced neuroinflammation by reducing metabolism to ARA
(20:4n-6). In our study ARA (20:4n-6) concentration was below the GLC detection level;
however, rats fed Western/AP, but not Western diet despite no differences in diet content had
significantly lower brain linoleic acid (18:2n-6) compared to rats fed AIN diet. Caloric
substitution with apple pomace may have reduced brain linoleic acid (18:2n-6) concentration due
to its high pectin content. Dietary soluble fibers have been reported to bind and decrease fatty
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acid absorption [26]. Western diets are high in fats particularly, SFAs. Increased brain lipid
content has been found to promote neurodegeneration and SFAs have been suggested to induce
neuroinflammation [22, 23]. Our study found the highest brain lipid content in rats fed Western
diet but no significant difference in brain SFAs, palmitic (16:0), and stearic (18:0) acid, among
diet groups. In a study of mice administered various purified fatty acids, palmitic acid (16:0), but
not oleic acid (18:1n-9), activated microglial cells and inflammation in the hypothalamus [23].
Oleic acid (18:1n-9) is a major component of membrane phospholipids and myelin in
neuronal cells and a neurotrophic factor promoting axonal, dendritic, and synapse formation
[27]. In a postmortem study of humans with Parkinson’s and Alzheimer’s disease, oleic acid
content in the brain was lower compared to age-matched healthy controls [28]. Previously, we
reported rats fed Western/AP diet increases the deposition of oleic acid from the liver to gonadal
tissues and attenuated hepatic inflammation [29]; this led us to hypothesize that similar effects
may also occur on the brain. In the present study, rats fed Western/AP had the highest brain oleic
acid (18:1n-9) concentration despite no differences in the oleic acid content of the diets. This
suggested caloric substitution with 10% of apple pomace may have resulted in the mobilization
of oleic acid (18:1n-9) from the liver to the brain. Altered brain fatty acid profile has important
implications since fatty acids have been reported to stimulate gene expression, neuronal activity
synaptogenesis, and neurogenesis, and to prevent neuroinflammation and apoptosis [30]. To
investigate altered brain function and neurodegeneration risk induced by altered lipid brain
profile, we used RNA-Seq to explore global gene expression in the hypothalamus.
The hypothalamus regulates various functions, including key roles in regulating food
intake and energy expenditure [1]. Hypothalamic global gene expression showed minor
differences indicated by PCA and HCA among dietary groups (Figure 2-4). Comparison of rats
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fed Western diets to AIN-fed rats resulted in only two differentially expressed genes, fas
apoptotic inhibitory molecule (Faim) and coiled-coil domain-containing protein 72-like (Table
5). To our knowledge, no studies have found a role of coiled-coil domain-containing protein 72like in the CNS while Faim has been reported to protect neural cells from apoptosis and promote
neurite growth in the CNS [31, 32, 33]. In our study, downregulation of Faim gene expression in
rats fed Western diets suggested neurodegeneration.
To delineate the effects of caloric substitution with 10% of apple pomace, we compared
rats fed Western/AP to rats fed Western diet using AIN-fed rats as a reference group for each
analysis in order to show upregulation or downregulation of significantly expressed genes
between rats fed Western/AP and rats fed Western diet (Figure 6). Results showed 15 significant
differentially expressed genes. Of these, five genes had phenotypes related to neurodegeneration
(i.e. Alzheimer’s and Parkinson’s disease): synuclein alpha, phospholipase D family, member 5,
NADH-dehydrogenase ubiquinone fe-s protein 6, choline O-acetyltransferase, and frizzled class
receptor 6 (Table 6).
Synuclein alpha (Snca) is a gene predominantly expressed in the brain and a biomarker of
neurodegeneration in Parkinson’s disease [34, 35]. Transgenic mice overexpressing Snca in the
hypothalamus showed reduce body weight, adiposity, and food intake compared to normal mice
[36]. In the present study, despite no significant differences in food intake, body weight, and
gonadal adipose weight among diet groups, Snca gene expression was significantly upregulated
in rats fed Western diet suggesting early hypothalamic dysfunction (Figure 6). Studies have
reported high refined carbohydrate (e.g. sucrose and fructose) content of Western diets
contributes to metabolic syndrome which indirectly promotes neurodegeneration [22, 37, 38].
Whereas, an in vitro study found polyphenols attenuated Snca aggregation and mitochondrial
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reactive oxygen species (ROS) [39]. In our study, Western diet had the highest sucrose (34%),
fructose (17%), and the lowest polyphenol content. Snca gene expression was significantly
downregulated in rats fed Western/AP diet, suggesting caloric substitution of Western diet with
10% of apple pomace attenuated early hypothalamic dysfunction. Although the Western/AP diet
had the highest amount of fructose (17.45%, and 28.4% sucrose), it also contained the highest
polyphenol content. Fructose is a lipogenic substrate implicated in the pathogenesis of NAFLD
[40]. Hepatic dysfunction has been reported to contribute to neurodegeneration through
metabolic impairment [41]. Previously, we reported Western/AP diet attenuated Western dietinduced NAFLD [11]. Diet-induced NAFLD resulted in neurodegeneration, indicating chronic
inflammation outside of the brain causes signs of Alzheimer’s disease. Additionally, dietary
reversal of NAFLD, reduced neuroinflammation, the activation of microglial cells, and βamyloid plaque load indicating attenuation of NAFLD pathology plays a role in the prevention of
neurodegeneration [7]. Snca has also been reported to interacts with phospholipase D, which has
been implicated in neurodegeneration [42].
Phospholipase D family, member 5 (PLD5) is an integral component of neuronal cell
membranes that functions by catalyzing phosphatidylcholine to phosphatidic acid and choline
[43, 44, 46]. In turn, choline is required in the synthesis of acetylcholine for neurotransmission
[47]. Low acetylcholine in brain regions has been implicated in energy dysregulation and
neurodegenerative disease [48, 5]. Upregulation of Snca activity downregulates PLD activity;
whereas, oleic acid (18:1n-9) upregulates PLD activity both of which contribute to the
modulation of choline availability [42, 45, 47]. In the present study, Snca gene expression was
upregulated, brain oleic acid (18:1n-9) content decreased, and PLD5 gene expression was
downregulated in rats fed Western diet suggesting phosphatidylcholine and choline deficiency in
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the hypothalamus. Studies have reported hepatic de novo synthesis of phosphatidylcholine and
choline is reduced in diet-induced NAFLD due to the dysregulation of fatty acid synthesis [49].
Skinner et al. showed Western diet-induced NAFLD was attenuated by caloric substitution with
10% of apple pomace and this was accompanied by higher deposition of oleic acid (18:1n-9) in
extrahepatic tissues [11, 29]. In the present study, rats fed Western/AP diet downregulated Snca
gene expression, increased brain oleic acid (18:1n-9) content, and upregulated PLD5 gene
expression suggesting caloric substitution of Western diet with 10% apple pomace attenuated
phosphatidylcholine and choline deficiency in the hypothalamus. Western/AP diet contained the
highest soluble fiber (1.1%) content. Dietary soluble fiber has been reported to selectively retain
phospholipids in the liver while excreting bile acids in the feces sustaining sufficient
phosphatidylcholine levels for de novo synthesis acetylcholine in extra-hepatic tissues, such as
the brain [26, 50]. Rats fed pectin supplemented diet (7% by weight), a soluble fiber abundant in
apples, for 4 weeks reduced phospholipids excretion while increased bile acid excretion in feces
compared to rats fed a control diet (0% by weight) [50]. Results suggest dietary soluble fibers
increase the retention of phosphatidylcholine in the body, and thereby, provide a sufficient
amount of choline for acetylcholine synthesis.
Choline O-acetyltransferase (Chat) is involved in the synthesis of the neurotransmitter
acetylcholine by anabolizing acetyl-CoA from the mitochondrion and choline from
phosphatidylcholine [51, 52]. Chat has been implicated in the decline of memory and cognitive
function in Alzheimer’s disease patients through the impairment of acetylcholine synthesis [48,
53]. Chat gene expression was upregulated in rats fed Western diet suggesting compensation of
impaired hypothalamic de novo acetylcholine synthesis due to the downregulation of PLD5,
which provides low levels of choline for Chat synthesis of acetylcholine and thereby increase the
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risk of neurodegeneration. In contrast, Chat gene expression was downregulated in rats fed
Western diet/AP compared to rats fed Western diet. Results suggest caloric substitution with
10% of apple pomace attenuated impaired hypothalamic de novo acetylcholine synthesis induced
by a Western diet consumption by providing choline from PLD5 for Chat to synthesize
acetylcholine and thereby, mitigates the risk of neurodegeneration. Western and Western/AP diet
contained equal amounts of choline bitartrate (3.1 g/kg); however, Western/AP diet had the
highest polyphenol content. A study of age-related cognitive decline in mice maintained brainacetylcholine content provided apple juice and attributed this to the polyphenols in apple juice
[54]. Devi et. al [55] reported rats fed grape seed proanthocyanidin extract increased endogenous
antioxidant enzyme activity and this was accompanied by increased brain Chat activity and
acetylcholine content. Mitochondria are also a source of acetyl-CoA production, which is
involved in the synthesis of acetylcholine.
NADH-dehydrogenase ubiquinone fe-s protein 6 (Ndufs6) is an integral component of
the mitochondrial complex I, involved in the oxidative phosphorylation pathway [56].
Deficiency of complex I is the most common mitochondrial disorder and has been linked to
neurodegenerative disease [57, 58]. Upregulated Ndufs6 gene expression in rats fed Western diet
indicates Ndufs6 was required for maintaining mitochondrion integrity and function (Figure 6).
Downregulated Ndufs6 gene expression in rats fed Western/AP compared to Western diet
suggests caloric substitution with 10% of apple pomace attenuated mitochondrial complex I
deficiency. Polyphenols have been reported to attenuate mitochondrial disorder and ROS [55,
39]. Apple pomace is a rich source of antioxidant polyphenols and Western/AP diet had the
highest polyphenol content. Skinner et al. reported higher antioxidant status indicated by the
highest serum total antioxidants and lowest urinary total antioxidant excretion in rats fed
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Western/AP diet compared to rats fed Western and AIN diet. Significant increase in serum
antioxidants while urinary antioxidant excretion decreased suggests apple pomace increased
antioxidant bioavailability [59].
Maintaining homeostasis during neurodegeneration in the CNS requires compensatory
mechanisms to resolve neuronal loss mainly by neurogenesis [60, 61, 62]. Wnt/β-catenin
signaling in the brain promotes neuronal survival and neurogenesis to compensate for neuronal
loss [63]. Frizzled class receptor 6 (Fzd6) is involved in the negative regulation of the Wntsignaling pathway [64, 65]. In our study, Fzd6 gene expression was significantly downregulated
in rats fed Western diet in the hypothalamus (Figure 6). Since the downregulation of Fzd6
activates the Wnt-signaling pathway, this suggests neurogenesis in the hypothalamus was active
by the Wnt-signaling pathway to compensate Western diet-induced neuronal loss. Upregulation
of Fzd6 gene expression in rats fed Western/AP suggests the Wnt-signaling pathway is inactive
due to neurodegeneration was attenuated by caloric substitution with 10% of apple pomace in
Western diet.
Figure 7 shows a hypothetical illustration of the pathogenesis and attenuation of
hypothalamic dysfunction by caloric substitution with 10% of apple pomace in the Western diet.
Early indicators of neurodegeneration in rats consuming a Western diet were ameliorated by
caloric substitution with 10% apple pomace. Apple pomace mitigated neurodegeneration by 1)
attenuating phosphatidylcholine and choline deficiency through the attenuation of NAFLD, 2)
possible fatty acid transport from the liver increasing oleic acid (18:1n-9) concentration in the
brain, and 3) regulating gene expression Snca, PLD5, Chat, Ndufs6, and Fzd6 implicated in de
novo acetylcholine synthesis and neurogenesis in the hypothalamus. These health-promoting
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effects on brain lipid profile and gene expression were attributed to the high soluble fiber and
polyphenol content of apple pomace.
In conclusion, based on the current exploration of gene expression, apple pomace
provides insight into mechanisms of action and pre-clinical evidence as a potential therapy to
attenuate the pathogenesis of Western diet-induced hypothalamic dysfunction implicated in
neurodegenerative diseases. Caloric substitution of Western diet with 10% of apple pomace
significantly altered fatty acid composition in the brain, and attenuated expression of genes
related to hypothalamic dysfunction and neurodegeneration in growing female rats. Investigating
the potential of apple pomace for human consumption can decrease health care costs for treating
neurodegenerative diseases as well as offers a solution for reducing environmental pollution and
the expense of waste disposal. Therefore, apple pomace merits further study as a possible
sustainable functional food.
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Table 1. Nutrient composition of experimental diets fed to growing female rats.
Diets1
AIN
Western
Western/AP
Apple Pomace
1
Ingredients (g/kg)
(g/100g)
Apple pomace

0.0

0.0

100.0

100

Corn Starch

397.486

63.36

57.96

-

Maltodextrin

132.0

60.0

60.0

-

Sucrose

100.0

340.0

283.9

13.9

Fructose

50

170

174.45

33.5

Total Dietary Fiber

50.0

50.0

50.0

33.2

Insoluble Fiber2

50.0

50.0

39.0

22.2

Soluble Fiber3

0.0

0.0

11.0

11.0

Anhydrous Milkfat

0.0

210.0

210.0

-

Soybean Oil

70.0

20.0

18.7

-

Casein

200.0

195.0

191.0

-

L-Cystine

3.0

3.0

3.0

-

Vitamin Mix

10.0

12.5

12.5

-

Mineral Mix

35.0

43.0

43.0

-

Choline Bitatrate

2.5

3.1

3.1

-

TBHQ antioxidant

0.014

0.04

0.04

-

0.0015

0.0008

0.0032

0.29

Protein

18.8

14.8

14.8

3.6

Fat

17.2

44.6

44.8

1.3

Carbohydrate

63.9

40.6

40.4

68.1

Calories (kcal/g)

3.8

4.7

4.7

3.9

Polyphenols
Macronutrients (%kcal)

1

Abbreviations: AIN, the American Institute of Nutrition; AP, apple pomace; TBHQ,
tertbutylhydroquinone. 2Insoluble fiber is cellulose.3Soluble fiber is mainly pectin [1].
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Table 2. Fatty acid analysis of experimental rodent diets.
Diets1

Fatty Acids
Measurements (mg/g)

AIN

Western

Western/AP

Palmitic acid (16:0)

113.6 ± 0.9 c

321.9 ± 0.3 b

329.2 ± 3.0 a

Stearic acid (18:0)

35.6 ± 2.5 b

99.4 ± 1.1 a

102.4 ± 0.6 a

0 ± 0.00 b

14.4 ± 0.01 a

14.4 ± 0.02 a

190.9 ± 1.0 b

229.6 ± 1.1 a

229.5 ± 1.7 a

501.2 ± 5.5 a

69.9 ± 0.9 b

70.4 ± 0.6 b

0 ± 0.00 b

1.3 ± 0.00 a

1.4 ± 0.00 a

70.8 ± 0.13 a

10.4 ± 0.1 b

10.5 ± 0.2 b

EPA (20:5n-3)

0 ± 0.00

0 ± 0.00

0 ± 0.00

DHA (22:6n-3)

0 ± 0.00

0 ± 0.00

0 ± 0.00

SFAs

MUFAs
Palmitoleic acid (16:1n-7)
Oleic acid (18:1n-9)
PUFAs
Omega-6
Linoleic acid (18:2n-6)
Arachidonic acid (20:4n-6)
Omega-3
α-linolenic acid (18:3n-3)

1

Values expressed as mean ± standard error of the mean (SEM, n = 5 samples/group).
Different superscript letters a, b, and c within. The same row indicates significant difference at
p < 0.05 by one-way ANOVA followed by Tukey’s test. Abbreviations: DHA,
docosahexaenoic acid; EPA, eicosapentaenoic acid; SFAs, saturated fatty acids; MUFAs,
monounsaturated fatty acids; PUFAs, polyunsaturated fatty.
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Table 3. Effect of consumption of different diets on total caloric intake, body weight, and brain
weight for 8 weeks.
Diets1
Measurements

AIN

Western

Western/AP

p-Value

Caloric intake (kcal)

2768 ± 85 b

3335 ± 71 a

3336 ± 134 a

<0.0006

Lipid intake (kcal)

476 ± 15 b

1487 ± 32 a

1494 ± 60 a

<0.0001

CHO intake (kcal)

1769 ± 54 a

1354 ± 29 b

1347 ± 54 b

<0.0001

Protein intake (kcal)

520 ± 16

494 ± 10

494 ± 20

0.4022

Feed Efficiency Ratio (%)

17 ± 0.01

18 ± 0.01

18 ± 0.01

0.13

Initial bwt (g)

95 ± 2.5

95 ± 2.4

95 ± 2.5

0.99

Final bwt (g)

216 ± 4 b

228 ± 5 ab

234 ± 5 a

<0.0373

Gonadal fat pad weight (g)

4.11 ± 0.26 b

5.43 ± 0.50 a

5.96 ± 0.23 a

<0.0022

Relative brain weight (mg/bwt)

7.13 ± 0.17

7.02 ± 0.12

6.80 ± 0.14

0.28

Absolute brain weight (g)

1.54 ± 0.03

1.59 ± 0.02

1.60 ± 0.03

0.22

1

Values expressed as mean ± SEM (n = 6–8 rats/group). Different superscript letters a and b
within the same row. Indicate significant difference at p < 0.05 by one-way ANOVA followed by
Tukey’s test. Abbreviations: Bwt, body weight; CHO, carbohydrate.

56

Table 4. Lipid content and Fatty acid analysis of brain of rats fed different experimental diets.
Diets1
Lipid/Fatty Acids (%)

AIN

Western

Western/AP

p-Value

7.21 ± 0.28 b

7.4 ± 0.022 a

6.58 ± 0.43 b

<0.0001

Palmitic acid (16:0)

22.01 ± 0.85

19.78 ± 1.36

22.49 ± 1.67

0.32

Stearic acid (18:0)

20.35 ± 0.85

17.71 ± 1.03

17.65 ± 0.81

0.07

N/A

N/A

N/A

5.41 ± 0.28 b

5.15 ± 0.19 b

7.51 ± 0.54 a

<0.0005

4.37 ± 0.47 a

2.93 ± 0.49 ab

2.75 ± 0.27 b

<0.0297

N/A

N/A

N/A

α-linolenic acid (18:3n-3)

N/A

N/A

N/A

EPA (20:5n-3)

N/A

N/A

N/A

DHA (22:6n-3)

9.70 ± 1.32

10.01 ± 1.74

9.54 ± 2.47

Total lipid content
SFAs

MUFAs
Palmitoleic acid (16:1n-7)
Oleic acid (18:1n-9)
PUFAs
Omega-6
Linoleic acid (18:2n-6)
Arachidonic acid (20:4n-6)
Omega-3

0.984

Brain lipid content in %, and relative % brain total fatty acid profile of growing rats consuming
experimental diets following eight weeks of feeding. 1Values expressed as mean ± standard error
of the mean (SEM, n = 6-8 samples/group). Different superscript letters a, b, and c within. The
same row indicates significant difference at p < 0.05 by one-way ANOVA followed by Tukey’s
test. Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; SFAs, saturated
fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty.
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Table 5. Differential gene expression analysis of hypothalamus rodents fed diets substituted with apple
pomace (10% g/kg).
Analyses
Pipeline’s
Gene
AIN vs
WE/AP vs
q-Value
Symbol

(WE-WE/AP)1

WE

Faim

-4.812*

1.002

<0.005

1.654*

0.881

<0.0005

1.941

-5.569*

<0.047

3.102

-4.302*

<0.05

-0.179

0.340*

<0.05

0.348

-0.546*

<0.05

Ccnt1

N/A

-1.535*

<0.05

RING finger FYVE-like ligase

Rffl

N/A

0.438*

<0.05

Phospholipase D family, member 5

Pld5

N/A

-0.622*

<0.06

Choline O-acetyltransferase

Chat

N/A

-1.383*

<0.05

Frizzled class receptor 6

Fzd6

-0.324

0.848*

<0.05

Mir2964

-1.257

2.310*

<0.05

Nbl1

0.143

0.256*

<0.06

Slc35f3

N/A

-0.459*

<0.066

LOC100912538

-1.318

-3.179*

<0.07

Igfbp4

N/A

0.951*

<0.07

Hs3st1

N/A

-0.440*

<0.098

Significant gene name
VICE DESeq2
Fas apoptotic inhibitory molecule

Coiled-coil domain-containing
LOC100910678
protein 72-like
Von Willebrand factor A domain
Vwa5a
containing 5A
NADH dehydrogenase (ubiquinone)
Ndufs6
Fe-S protein 6
Inositol polyphosphate-5Inpp5f
phosphatase F
Synuclein alpha
Snca
Cyclin T1

MicroRNA 2964
NBL1, DAN family BMP
antagonist
Solute carrier family 35, member
F3
Centrin-3-like
Insulin-like growth factor binding
protein 4
Heparan sulfate-glucosamine 3sulfotransferase 1

Values expressed in log2 Fold Change (n = 5 samples/group). Significant gene expression difference between
each analysis group is considered at q < 0.10 (*). (-) indicates downregulation in rats fed Western/AP in terms of
log2Foldchange. 1Global Gene expression analysis. Abbreviations: N/A; Not Available; AIN, the American
Institute of Nutrition; WE, Western; WE/AP, Western/AP.
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Table 6. Phenotype, disease and trait of significantly expressed genes hypothalamus of rats fed
Western/AP compared to Western diet.
Gene Symbol
Phenotype
Gene ID
Vwa5a

Schizophrenia, Dwarfism

ENSRNOG00000046414

Ndufs6

Mitochondrial complex I
deficiency, Alzheimer’s and
Parkinson's disease pathway
N/A
Alzheimer's Disease, Brain
Injuries, Cocaine-Related
Disorders, Creutzfeldt-Jakob
disease, GM2 gangliosidosis,
Lewy body dementia,
Parkinson's disease1,
Parkinsonian Disorders, Pick's
disease, Amphetamine abuse,
Bipolar Disorder, Mental
depression, Multiple System
Atrophy, Myeloid leukemia,
Neurilemmoma, Pantothenate
Kinase-Associated
Neurodegeneration,
Schizophrenia, Vascular
dementia.
Diabetes Mellitus Experimental,
Congestive heart failure
Hypertension
Neurodevelopmental Disorders,
Fumarase deficiency, autistic
disorder, Hereditary
Leiomyomatosis and Renal Cell
Cancer, Senior-Loken
Syndrome 7 MegalencephalyPolymicrogyria-PolydactylyHydrocephalus Syndrome 2
Alzheimer's Disease,
Huntington's Disease,
Asthma, congenital myasthenic
syndrome 6

ENSRNOG00000049394

Inpp5f

Snca1

Ccnt1
Rffl
Pld5

Chat

ENSRNOG00000020388

ENSRNOG00000008656

ENSRNOG00000053054
ENSRNOG00000007596
ENSRNOG00000003997

ENSRNOG00000025012
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Fzd61
Mir2964
Nbl1
Slc35f3
LOC100912538
Igfbp4
Hs3st1

Alzheimer disease-presenilin
pathway
N/A
N/A
N/A
N/A
N/A
Coronary artery disease

ENSRNOG00000004660
ENSRNOG00000035452
ENSRNOG00000049402
ENSRNOG00000049456
ENSRNOG00000050877
ENSRNOG00000010635
ENSRNOG00000010598

Phenotype data was obtained from the BioMart Ensemble database with viable link to Rat Genome Data
(Aug. 2020). N/A, Not Available.1Fzd6 and Snca pathway data were obtained from Panther gene analysis
tool
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Figure Legends
Figure 1. An overview flowchart of RNA-Seq experiment and data analysis
Figure 2. Global Principal Component Analysis biplot of hypothalamic tissues from rats fed
different diets. Abbreviations AIN, the American Institute of Nutrition; WE, Western; WE/AP,
Western/AP.
Figure 3. Global hierarchical clustering analyses of total gene expression (32,883 genes) in the
hypothalamus rats fed different diet. Values expressed in shifted logarithm transformation
normalized counts performed using VICE DEseq2. The darker the color shade the more gene
expression. Each line is considered a gene in each hypothalamus of rat sample fed different diet .
Abbreviations AIN, the American Institute of Nutrition; WE, Western; WE/AP, Western/AP.
Figure 4. Hierarchical clustering analysis of gene expression related to food-intake pathway of
hypothalamus rats fed different diet that are not significant (11 genes). The darker the color
shade, the more gene expression. Abbreviations AIN, the American Institute of Nutrition; WE,
Western; WE/AP, Western/AP; Cart, Cocaine- and amphetamine-regulated transcript; STAT3,
signal transducer and activator of transcription 3; POMC, Pro-opiomelanocortin; InsR, Insulin
receptors; FOXO1, Forkhead box protein O1; Jak3, Janus kinase 3; Pi3k, Phosphoinositide 3kinases; Mc4r, Melanocortin 4 receptor; AgRP, Agouti-related protein neurons; LepR, Leptin
receptors; Npy, Neuropeptide Y.
Figure 5. Hierarchical clustering analysis of significant gene expression (q < 0.10, 15 genes) of
hypothalamus rats fed Western vs Western/AP. Values are expressed in shifted logarithm
transformation normalized counts performed using VICE DESeq2. The darker the color shade,
the more gene expression. Abbreviations AIN, the American Institute of Nutrition; WE,
Western; WE/AP, Western/AP; Inpp5f, Inositol polyphosphate-5-phosphatase F; Nbl1, NBL1,
DAN family BMP antagonist; Snca, Synuclein alpha; Rffl, Ring finger FYVE-like ligase;
Hs3st1, Heparan sulfate-glucosamine 3-sulfotransferase 1; Slc35f3, Solute carrier family 35
member F3; Igfbp4, Insulin-like growth factor binding protein 4; Pld5, Phospholipase D family,
member 5; Ndufs6, NADH dehydrogenase (ubiquinone) Fe-S protein 6; Chat, Choline Oacetyltransferase; Fzd6, Frizzled class receptor 6; LOC100912538, Centrin-3-like; Ccnt1, Cyclin
T1; Mir2964, MicroRNA 2964; Vwa5a, Von Willebrand factor A domain containing 5A.
Figure 6. Upregulated and downregulated of differentially expressed genes (q < 0.10)* of
hypothalamus rats fed Western (AINvsWE) compared to Western/AP (AINvsWE/AP) diet.
Values are expressed in log2foldchange with standard error. Abbreviations AIN, the American
Institute of Nutrition; WE, Western; WE/AP, Western/AP.
Figure 7. Hypothetical illustration shows effects of Western diet and Western/Apple pomace on
brain lipid profile and hypothalamic neurons in rats. Abbreviations: NAFLD, Non-alcoholic fatty
liver disease; Pld5, Phospholipase D family, member 5; Snca, Synuclein alpha; Ndufs6, NADH
dehydrogenase (ubiquinone) Fe-S protein 6; Chat, Choline O-acetyltransferase; Fzd6, Frizzled
class receptor 6
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Chapter 4
Future Studies

Developing apple pomace for human consumption provides a solution for reducing the
cost of apple processing waste disposal as well as health care costs for treating
neurodegenerative disease. The proposed mechanism linking diet-induced NAFLD and
neurodegeneration provides further insights into how diet can influence the pathogenesis of
hypothalamic dysfunction and neurogenerative diseases. These insights provide a better
understanding of the etiology of diet-induced neurodegenerative diseases and address this issue
using sustainable dietary approaches. Studies are needed to investigate other diet-induced
differentially expressed genes that were not discussed and not phenotypically implicated in
hypothalamic dysfunction and neurodegeneration in this paper, which may add more information
to the proposed mechanism. Future studies should also investigate the long-term effects of apple
pomace consumption as a preventative therapy to attenuate the pathogenesis of
neurodegeneration in animal models before conducting clinical trials. Future studies should take
into consideration different developmental stages of neurodegenerative diseases when using
apple pomace as a treatment.
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